for various values of the gas flow rate, longitudinal temperature gradient at the interface and the gravity force acceleration.
Introduction
Stationary two-layer fluid flows are studied on the basis of exact solutions to the NavierStokes equations in the Oberbeck-Boussinesq approximation in two-dimensional case [1] [2] [3] . The solutions are obtained in the case when only the longitudinal velocity is not equal to zero and it depends on the transverse coordinate. The temperature distribution and pressure in the upper and lower layers have the components which linearly depend on the longitudinal coordinate. The longitudinal gradients of temperature and vapor concentration depend linearly on the transverse coordinate. The longitudinal pressure gradient is a quadratic function with respect to the longitudinal coordinate. One of the first results devoted to construction of an exact solution in the infinite layer with evaporation at the "liquid-liquid" interface were obtained in [4] . The thermocapillarity effect at the interface has not been taken into consideration. The solution has been used to model the binary flows with diffusion of the light impurity at interface [4] .
The mentioned here solutions (see [1, 2, 4] ) are solutions of the Birikh-Ostroumov type [5] . The solution of Birikh [5] has been constructed to describe the stationary convection in an infinite horizontal strip with solid boundaries or with a non-deformable free boundary under the action of the gravity field and constant longitudinal temperature gradient (see also [6] [7] [8] ). For the first time the similar problem has been studied in [9] .
In the present paper the Soret and Dufour effects [10, 11] are taken into consideration in the gas-vapor layer (see [3] ). The exact solutions allow us to analyze the problem statements and peculiarities of modeling of flow effects including the effect of anomalous thermocapillary which attracts attention due to its importance for many liquids [12] [13] [14] [15] [16] . One of the main questions in modeling of fluid flows in channels is the formulation of a condition for vapor concentration on the upper solid wall of the channel. In the present paper the condition of the absence of the vapor flux is assumed to be fulfilled on this boundary of the flow domain. It is also shown that the constructed solutions can be used to model flows in the two-layer system when liquid exhibits the anomalous thermocapillary effect.
Governing equation
The coordinate system (x, y) is chosen so that the vector of the gravity acceleration g is directed opposite to the Oy axis (g = (0, −g)). In order to formulate our problem in dimensionless form we introduce characteristic values of the problem as follows: the thickness of the liquid layer l is the characteristic length, u * = ν 1 /l is the characteristic velocity, T * is the characteristic temperature drop,
2 is the characteristic pressure; here ρ 1 and ν 1 are the density and the coefficient of the kinematic viscosity of the liquid, respectively. The system of two viscous incompressible fluids (liquid and gas-vapor mixture) fills the infinite horizontal layers with the upper and lower boundaries y = h, y = −1 and plane y = 0 which is the thermocapillary interface (see Fig. 1 ). Index 1 (superscript or subscript) is used to characterize the properties of the liquid and index 2 is used to characterize the gas properties. The two-dimensional stationary convective fluid flows are characterized by the velocity field
and vapor concentration C which satisfy the OberbeckBoussinesq approximation of the Navier-Stokes equations. The convective flows of the liquid in the lower layer are described by the system of equations which can be presented in the following dimensionless form:
The stationary flows in the upper gas-vapor layer (see Fig. 1 ) are described by the following equations:
Here p i is the modified pressure,
The following dimensionless parameters arise in the problem:
is the ratio of the coefficients of the kinematic viscosity, ρ = ρ 2 /ρ 1 is the ratio of the gas and liquid densities, χ = χ 2 /χ 1 is the ratio of the coefficients of thermal conductivity of gas and liquid, D is the coefficient of vapor diffusion, β i is the thermal expansion coefficient (i = 1, 2), γ is the concentration expansion coefficient, δ = δ/T * , α = αT * , coefficients δ and α characterize the Dufour and Soret effects, respectively.
Let us assume that solution of systems (1) and (2) has the form
Because temperature is continuous at the interface y = 0 we have a (1), (2) can be written as follows:
Gr(a (1/P r) + y
The coefficients (6), (10) for p i and in expressions (8), (9) for T 2 and C depend on the initial parameters of the problem such as 
Boundary conditions and algorithm for computing the integration constants
Let us assume that the gas flow rate in the upper layer Q is given Q =
The characteristic value Q * of the gas flow rate is equal to ρ 2 u * l. On the solid walls y = −1 and y = h of the channel the no-slip conditions should be fulfilled:
We assume that the vapor concentration on the upper boundary y = h satisfies the condition of the absence of the vapor flux (C y ) y=h = 0 and the temperature boundary regime is determined as follows. The lower solid boundary y = −1 is assumed to be the heat-insulating wall: (T + . We suppose that the interface y = 0 is the thermocapillary surface that remains to be undeformed one. The continuity of the velocity and temperature are written as follows: 
is the parameter that includes the molar mass of the evaporated liquid, the universal gas constant, the latent heat of evaporation and T 0 [1, 2] .
We assume that surface tension linearly depend on temperature:
Here
is the Marangoni number, Ca = u * ρ 1 ν 1 /σ 0 is the capillary number, P r = ν 1 /χ 1 is the Prandtl number. The dimensional parameters σ 0 , σ T are constants, σ 0 is the value of surface tension at some reference temperature and σ T is the temperature coefficient of the surface tension.
In the case of normal thermocapillary effect at the interface we have
If the liquid exhibits the anomalous thermocapillary effect the coefficient of the surface tension can grow with temperature [10, 12, 13] (see also [14, 17] ), so that the coefficient σ T (see (11) ) has the following value:
The parabolic dependence of the surface tension on temperature with a minimum at a temperature interval was presented [12] [13] [14] .
The kinematic condition at the interface is fulfilled automatically because the normal component of the velocity vector is equal to zero at the interface y = 0 due to (3) . Projection of the dynamic condition (see, for example, [10] ) on the normal and tangential vectors to the interface y = 0 gives the following relations:
Then conditions (12), (13) allow us to find the coordinate
The inequality T 1 T (see (12) ) is fulfilled for x x if A > 0. If A < 0, this inequality is fulfilled for x x. In this case the choice of the value σ T is determined according to (12).
Algorithm for computing the integration constants
A1. In the case when the condition of the flux absence is prescribed for vapor concentration C at the wall y = h, the equalities b 2 = 0 and ϕ ′ (h) = 0 should be satisfied (the prime denotes the derivative with respect to y). A11. The given heat flux at the boundary y=h leads to the relation
This relation should be considered as a compatibility condition that follows from the form of exact solution (3).
A12. The mass velocity of the evaporated liquid at the interface can be found with the use of the mass balance equation when c 4 and c 6 are known.
Assume that c 5 is equal to zero (c 5 = 0). Then the coordinate x on the Ox axis is x = T /A (see 14) . The presented algorithm (A1)-(A12) of calculation of the integration constants c j (j = 1, ..., 5) and c i (i = 1, ..., 7) should be used twice in order to get two sets of the integration constants. We denote them by (c 2, 3, 4, 6) . Equation (15) is the condition for the parameter θ + . It determines the temperature boundary regime on the upper solid wall of the channel.
Examples of the two-layer fluid flows
We consider the two-layer system, where the lower and upper layers with equal thicknesses l are filled by n-heptan and nitrogen, respectively [12, 13, 18] . The values of the physico-chemical parameters of the liquid and gas are presented in Tab. 1.
The Dufour and Soret parameters are δ = 10 −3 (K) and α = −5 · 10 −3 (1/K), respectively. 
We chose the thickness of the liquid layer l = 0.5 cm as the characteristic scale of the flow domain. Then u * = 0.011 cm/s. Tab. 2 presents the values of the dimensionless parameters of the gas-liquid system. If the characteristic temperature drop is equal to T * = 10 K then Gr ≈ 40289, Gr c ≈ −3379 in the case of normal gravity (g = 981 cm/s 2 ) and Gr ≈ 402.89, Gr c ≈ −33.79 in the case of low gravity (g = 9.81 cm/s 2 ). According to [13] (see also [14] ) we chose the dimensional value T equal to 35 o C. It defines the behavior of the surface tension with respect to the temperature at the interface.
We model the two-layer fluid flows for the system "n-heptane-nitrogen" in the case of positive values of the longitudinal temperature gradient A: A = 0.1 K/cm, A = 0.01 K/cm. The temperature coefficient of the surface tension σ T changes sign at the point x. The dimensional velocity profiles are shown in Fig. 2-6 . The figure captions contain dimensional values of longitudinal temperature gradient, gas flow rate denoted with the same symbols A and Q as dimensionless quantities and gravity acceleration g. Pictures 2 and 3 demonstrate the velocity profiles at various values of the longitudinal temperature gradient A at the interface. The qualitative and quantitative differences of the flow structure and sharp differences in the fluid flows at the right and the left of the point x are observed with the increase of the longitudinal gradient A (dimensional analog X of the point x is equal to 3500 (cm) for flows demonstrated in Fig. 2 and X = 350 (cm) for flows in Fig. 3 ). The velocity value at the interface is equal to U = 0.25 cm/s if A = 0.1 K/cm (see Fig. 3 , solid line) and U = 1.16 cm/s if A = 0.01 K/cm (see Fig. 2 , solid line). Here the temperature coefficient of surface tension is equal to σ T = 0.133 dyne/(cm K) (in the dimensionless case we haveσ T = 0.03). In the case of anomalous temperature dependence of the surface tension when σ T = −0.133 dyne/(cm K) (σ T = −0.03) the value of velocity at the interface is U = 2.85 cm/s for A = 0.1 K/cm (Fig. 3 , dashed line) and U = 1.42 cm/s for A = 0.01 K/cm (Fig. 2, dashed line) . Figs. 2 and 3 present the flows under conditions of normal gravity (g = 981 cm/s
2 ) in the case that the thickness of the gas and liquid layer is equal to 0.5 cm, dimensional gas flow rate is Q = 1.8 · 10 −3 g/(cm s). The dimensionless parameters are h = 1, l = 1, Q = 246.1, Gr ≈ 40289. The values of velocity at the interface U and of the mass rate of evaporated liquid M are presented in Tab. 3 for various values of the longitudinal temperature gradients. More intensive evaporation is observed for larger value of the longitudinal temperature gradient and also in the case of anomalous effect of thermocapillarity. Fig. 4 demonstrates the flow structure in the system away from the point of change of thermocapillarity character x in the case that the longitudinal temperature gradient is equal to A = 0.1 K/cm.
A decrease of intensity of the gas flow rate results in quantitative and some qualitative differences in the flow (see Figs. 2 and 5) . The velocity at the interface has the value U = 1.16 (Fig. 2, solid line) and U = 0.025 cm/s (Fig. 5, solid line) for positive value of temperature coefficient of the surface tension σ T = 0.133 (σ T = 0.03) if the gas flow rate is equal to Q = 1.8 · 10 −3 g/(cm s) and Q = 1.8 · 10 −4 g/(cm s), respectively. For negative value σ T = −0.133 (σ T = −0.03) the values of velocity at the interface are equal to U = 1.42 (Fig. 2, dashed line) and U = 0.28 cm/s (Fig. 5, dashed line) in the case of gas flow rate Q = 1.8 · 10 (Fig. 6, solid line) . The value of parameter X is equal to 3500 (cm) for flows demonstrated in Fig. 5 and Fig. 6 . Values of the mass of evaporated liquid are of the same order in the cases of normal and low gravity. 
Conclusion
The constructed solutions to the Navier-Stokes equations in the Oberbeck-Boussinesq approximation allow us to model the two-layer fluid flows with the thermocapillary interface including the evaporation effects at the interface and the Dufour and Soret effects in the gas-vapor phase. The evaporation effect is modeled by the use of the thermal boundary condition and mass balance equation at the interface. The anomalous thermocapillarity effect at the interface is also taken into consideration. For the n-heptanol-nitrogen systems the velocity profiles that characterize the fluid flows are presented. The effects of gravity and the longitudinal temperature gradient along the interface on the fluid flows are investigated. The obtained results demonstrate the quantitative and qualitative differences in the flow of liquid in the case of normal and anomalous thermocapillary effect and also in the conditions of normal and low gravity.
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